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ANO MALOUS TRANSPORT FRO M PLASMA WAVES

Can one den se, m o m first pr incip les , simple scaling laws for complicated plasma devices

like a tokamak’ For instance the current  vogue is to scale confinement in tokamaks linearly

with dens it > . so clearly one would like a thermal conduction coefficient scaling as n - ~. The

problem is that this thermal  conduc t ion must be derived from the quasi-linear and nonlinear

th cor) of ~cr. esote ric instabilit ies l ’.cn if someone could tak e these instabil ities and derive a

t ransport coefficient wh ich t’j J a l l the right  magni tude s and scalings , would anyone else either

understand it or be l iev e  it

M) own op inion i% that  one cannot derive simple scaling law-s in an understandable ,

bel ievable w.i~ h o w  then does one explain or predict the behavior of complicated plasma dev-

ices which are dominated hs anomalous transport ’ One possibility of course is to use

ph enomenological t r ansport coefficients , a nd this may in fact work well It is certainl y likely

that cu rrent devices could be extrapolated a factor of two in every parameter this wa y Howev-

er this is somewhat unsatisf y ing , one would somehow like to relate performance to fundamen-

ta l . processes. if only for fundamental scientific reasons. That will be the focus of the

remainder of this  paper .
— p

Let us look at whit is needed to describe a plasma whose transport is dominated by m ats- (M

S o
bihty As we will see , there is what might be calied a heirarchy of necessary information atarI - 0

ing with the simplest questions of stab ility threshold and proceeding to the most complicated

Minu~~tipi ,ubm iied June ~Q . IQ’Q PJ~UE1INfø*JIJrT J13
~~~
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nonlinear theory . How hig h one has to proceed in this heir archy is then an indication of how

easy and/or how reliable the theory is

Take for instance a temperature profile in a tokama k plasma ,and look at some radius r 1,

The most fundamental question is whether or not the plasma is unstable it th i s  point. If the

plasma is stable here, clearly one uses classical transport. If it is unstabl e anomalous transp ort

should be involved Thus the fi rst necessary piece of inform at, on is the stability threshold As

we will see, there are some circumstances where this is all that is needed to describe the s~s.

tern Since this description only utilizes the first step in the aforementioned heirarchy . it will

surely be the simplest and most reliable theory of anomalous transport This is the marginal

stability th eory which we 1-4 and others ~.7 hav e previous ly discussed

The idea behind the marginal stability theory is the following. Imagine a plasma which is

stable , but which is forced by some external mechanism to an unstabl e state As a concrete ex~
ample let us conside r an ohmica ffy heated tokamak The current heats th e central rcg,on and

since the edge is cool , an electron temperature gradient is forced upon the system. Let us now

postulate that whe n the electron temp erature gradient exceeds some critic al value, the plasma

becomes unstabl e Then at this point , an anomalousl y large thermal conduction is generated by

th e instabil ity A possible functi onal dependence of K~ on temp erature gradient is shown in

Fig I .  This large K . will cool , the plasma , the i nstability will shut off and K 1 will go to its clas.

ucal value However once the plasma becomes stable, the ohmic heating will increase its tem-

perature and it will again be driven unstable Clearly then there is a dynamic balance between

heating and anomalous thermal conduction with the plasma sitt ing at (or perhaps oscillating

about) the marginal stability point. The fundamental quanti ty to determine then is not the tur-

bulent spectrum, but the plasma profile . Once we have the profile, we can calculate the thermal

condud ion because we know the profile and input power. Once we have K 1. simple quasi.

2 
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li near the or ) gises us the f lu c tu a t ion lese l 1 hus the logic of a marginal stability calculation is

j ust the reserse ol a cons ent ional nonline ar calculation , as shown in Fig 2

~ nw ex amine the second complic ation in ou~ heir arch ) Let us say that the marginal sta-

bi lit ) h ypo t hesis 5 sau d . hut th ere is not one anomalous transport effect but many. To Contin-

ue wi th  our  exam pl e ~ t t he :okamak . it is known that  both electron temp erature grad ient , and

densit, gradient c ont r ibute  to i n s t a b i l i t % . and tha t  not on ly  is there anomalous thermal conduc-

tion , hu t also ano malous diffusion In t h i s  case niarg inal stabil i t y does not imply only particular

temp er atu re gradient but rath er  some relation between temp erature and density gradient Then

the ~tj h i l i i ~ threshold ~ n ot su t l icien i information to det ermine the profile One must also

k now the re la t i on  b etw een  k and 1) It one knows the spectrum , a nd if quasi-linear theory is

sa lid . t h en  one ~an determine t his r e l a t i o n  l (owcs cr now- more information is needed than j ust

stahi l i t ’. t h r e s h o l d . corr c spon d ing l% t h e  th cor~ i s on somewhat shaki er ground than it is if there

Is onis  a sing le annma~ous effec t

Let us i l lustrat e how a mar g ina l  ~t a h i t i t ~ works in a one or two parameter space First im-

agine th.i ~ onl~ t emp era t u re  grad ient  dris es in s t ah i l i t ’ .  and the rma l  conduction is the only

anomalous pr otes s Then the stt ’ad~ st ate equations are heat balance

0 ~~k~~
’ 

‘~~S. ( I )
ax

and Mar g inal  stah i l i t s .

- P — O  ( 2)

where S denote the energy sources In Eq i~~~. is the growth rate which is driven by

te mp erature  gradient and P denotes the damping from all sources , for instance shear , ion-son

collisions . etc The marginal stability approach then consists of using Eq. (2) instead of’ Eq ( l I

as an equation for t empera ture . Equation ( 1 )  is used instead as an equation lot K . and it

reduces t o 3
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— S .  (3)
dx o

Now imagine that there are two sariable s instead of one For instance for the tok amak ,

say th at both density and temp erature gradients drive instability and that there is both

anomalous diffusion and anomalous thermal conduction Then the equations which describe

th e system are heat and particl e balance

o ~‘~~K !t~ + S1 (4 )ax ox

O ’~ ~‘D~ !! s - s~. ( 5 )

marginal stability

or On
~ ø-— — P  (6)

ox ax
and some relation between D and K

( 7 )

which mig ht come f rom for instance Quasi-linear theory Also we assume ~ > 0 These equa-

tio ns can be solved for K as follows Integrate Eq (4 ) from zero to r assuming ~~~~~~ — 0 atOx

r — a to get

~ ~r _ f S d x (8)

Then solve for D and .!i from Eqs (6) and (7 ) , insert in Eq (5) and integrate from 0 to r

The result is

K — — - f  Sd x ’ ‘4 f S~dx. (9)

Then once Eq. (9) is solved for K, we can solve Eq. (4) for I in the standard way.

Let us now examine the conditions under which a solution to Eqs. (4-7) can be formed .

In the normal lokamak conhguration where the electrons are in the plateau or banana regime,

4
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negative and ‘~~~~ both d r iv e  ins t ab i l i t y  Therefore o and tf have the same sign and both

hase opposite sign in P Since. S~ , S ., an d ~ are al l pos ilise , K is greater than zero so that an a

Sol Ut iOn C5is is  Y~~i w imagin e th a t  s.i~ the  t emper a tur e  gr adi ent is stabilizing rather than desta-

bi l izing. t hj i is ii and P now hj s~ the sante sign Then , in order to hase K > 0,

F f.’ s d s ~ 
-. f s i d s l ( l O )

I t in eq u al i ty  l f l )  is v io l a t ed  in some regions of ~~. th e plasma wi l l  be stable and a marginal ly

stable solution does not c5 ist  th erc  In ihcsc rcg i ( in s  cla ssical t r ansport  w i l l  apply

01 course ra the r  than  s i l ~ ing equat ions  l ike  ~c ~~ 
‘
~ i • a more practical procedure is usually

to use a f lumc ri c . i l  i rj n s j ’ , r ~ ~iide in w h i c h  transport  coefficients jump to some large valu e at

th e stj h i l i t ~ th resh o ld , and in w h i ch  th c  prope r r e lat ion between the different transp ort

coefficients I S  .ik.. used \ s  long as these tu m ps  in t ransp ort  coefficients are handled in a w as

wh i ch is nu rne r ic , i lh  st.ihlc , th e cod e w i l l  au t oma t ica l l s  handle  th e  t rans i t ion not onl y between

stable a nd uns t ab l e  pl asma . hu t  ak. b e tw een d i f f e r e n t  ins tab i l i t i es

l i ~r th e next  st. igc of t h e  h e i r a r c h y  one must know the  nonlin ear l imit  to the fluctuation

level However let us , issum e th a t  once the f luctuation leve t is known , he transport

coefficients can il l  he c a l c u l a t e d , for instance v ia  quaci . l inc a t  theory Actually this is not as un-

reasonable as it soun~ls Say th a t  the ins tab i l i t y  is driven by electrons and is stabilized by some

nonlinear  effect on ion s Then qu asi .t inc ar  transp ort coefficients for the elect rons should be

sitid If th i s  be the .isc .11 least some of thc ion transpor t coefficients can usually be calculat-

ed h~ invok ,n g  global conservation rel at i ons i t o r  instance energ y or momentum conservalion .

pressure balan ce . d c )  Thus the th i rd  level of our heirar ch y assumes that  transp ort coefficients

can aH be calculated in te rms of a f luctuat ion level which is specified h~ invoking non-linear

theor> . and/nt experiment , and/or numerical simulation of the instability. There are at least

- 
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two reasons why the fluctuation level mig ht be required. First , the system may be so strongly
driven that nonlinear effects l imit  the fluctuations to a value smaller than that required to main-

ta m a marginally stable pro file Second . there may be so many anomalous transport effects that

th ere is no simple external mechanism driving the plasma toward instabili ty and no simple re-

laxatio n to a stable state because of th e instabi l i ty

This is the approach recently used at the Naval Research Labor atory to describe

anomalous absorption and f lux  l imi ta t ion  in a lase r produced plasma .~ Earlier calculations like

this also examin ed hydrodynami c flow in an ionosphere which has been violently perturbed .’°

and the implosion and post implosion phase of theta pinches ~ Since these results all require

a fluctuation level which is the result  of a nonlin ear calculation the > ’ are less reliable than

res ults obtained via calculations on the two lower levels of the heirarch y which we have been

Je scribing

The fourth level of the heirar chy ,  and the last one which we wil l  describe , is that  where

both the nonlinear f luc tuat ion level and the  transp ort coefficient are the results of nonlinear cal .

culatsons Needless to see results  on this  level arc still more speculative than those on the

th ree lower levels We will  now describe three calculations done at the Naval Research Labora-

to ry which illust rate the three levels They are calculations of electron and ion temperature

pro files in tokamaks 4 , calculatio n of the structure of transverse resistive shocks i , and calcula-

tions of anomalous absorption and th ermal energy flux l imitation in a laser produced p lasma .~

In a tokamak , the electron te mp erature is l imi ted by some anomalous process . gcnera ll~
thought to be instabilities We have attempted to study this with th e use of a simple transp ort

code ~ Specifically our code solves the equations

3 eT, I 0 OT t m
— — ~~ R ( K ~ + K 1~) — ~--- + E . J — 3v , -~j  n (I, — I, ) ( I I )

6
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— 1 - r ~~~~~~~- + 
~~~r ’~~

’ n (T~ — T , ) ( 12 )

F — U3)

where To,, are the electron ( ion )  tempera tur e .  J is the current  density, E is th e toroidal electric

field , assumed to be indep endent of rad ius . .~ is the electrical conduct iv i ty

The cur ren t  d en si t ~ is .*ssumed to a l w a > v  be J t  its st eady state value , so magnetic diffusion

is neglected l-q ( I l l - i  l 3 1  arc s , I ~ cd subject to hound ar> condition s tha t  r , — 1, — tOe s at

the l imi t e r , and t h a t  the  t o t a l  u r r en t  is speciti ed I- ve r >  te r m in Eq ( I I  ) . (  13) is g iven by

neoclassical theor y except fu r one, the  anomalous  electron thermal  conduction K .~ . If the plas-

ma is uns tab le ,  K ,, is taken .ts th c  Hohm diffusion coefficient K x In our study the plasma is

su bject in one of t w o  i~~s t , i h : l u i i ~ s . ihc  i n t e r n a l  k i n k - t e a r i n g  mode w h e n e v e r  q — ~~~~
-— is less

t han u n i t y .  an u th e u n i v er s a l  d r i f t  w a v e - t r a p p e d  electron mode whenever  the shear strength II

is below a cr i t i ca l  va lue  H , , I he v a lue  ot H comes from thc  l inear theor > of the mode, We

*511 not elaborat e here , h ut a l u l l  d i s cus s i on  ~ in be found in Ref 4 Thus the functional  form

for K ,,. is

rl I H H , ) ‘

— ls~ 
q 

—~ . 
- -- ( 14 )

1 • q ‘ 1+ 1 1 4 - H ,, )

where  n and vs are lar ge in teger s . so that  K ,, tu ins on abrupt ly as the plasma becomes un •

stable Since th e quant i t i es  in the  brackets change abrupt l y from zero to one , we have called

them the rmos ta t  f u n c t i o n s  Let us now re~empha size tha t  the nonlinear the ory of the instabili-

t y plays n .  rot c in the a n a l y s i s  The on ly  th ing  needed to solve Eqs ( 1 l ) - ( l 3 )  is the ins tab i l i ty

condition which comes on l % from •i. ’ .i’ iheo r~

Now , knowing the profile , one can utili ze quasi-linear theory to calculate both the

anomalous thermal conduction , f luc tuat ion wave number and fluctuation amp litude However .

even if the beha vi or is governed h> nonlinear theor> . the only thing which will be wrong ts the

calculation of fluctuation level , not the profile
7 
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W~ will now show some results of the calculation Since there w a s  not much av ai lable

data from PIT at the time , we did on l> one run The parameters arc K — 3S KU . l.~ — 4 . a

central den sit ~ of n 0 — 4  2 x I O ~’ a nd a ‘~iydrog en plasma The electron and ion temperature .  q.

and thermostat  functions for q and H are given in Fig 3 Clearly the plasma is in a marginal l y

slj b le  stale for internal k ink- tea r ing  modes fo r  0... K i )  4 , and to trapped electron modes for

0 4 < <0 Q The outer region I s cla ’.sica l

A nother tokamak which we hav e s imulated is TFR . In TER more than half of the input

power is generall y radiated away h> im p u r m t b  r adiation ~
1 . However , as is clean > indicated in

R ef 13 . most of this  is ox i,gcn l inc rad ia t ion  arising from th e pla sm,i edge where  the temp era-

ture  is low enough that  the plasma is stable t hus  the question is how does thc  cn er g~ get

from the center  to the edge Reference 13 also shows that  destruction of magnetic surfaces due

iii  in ternal  k ink  and tearing modes is insufficient ii ’  account for this  en erg> tran sport Ilere we

examine  w h e t h e r  dr i f t  and t rapp ed pa r t i ~tc ins tab i l i t i e s  can provide th c  r emainder  of the  cncrp

tr ansport

One v e t s  interest ing exper imenta l  resul t  for TFR 11 is tha i  ihc temp era ture  h a lf  w i d t h

,~r ( 1) depends on only a single parameter . q Ia  i , ev en though two parameter s . 13 and I are in-

dependen il~ varied Our calculation hasical l> confi rms th is  result  In Fig 4 is shown (solid

l ine )  the predictions by our code for .~r I T I as a funct ion of q (a I

h ere we have assumed / ~ , — 3 and n , — h ~ Various dots show-n the calculated

points Althoug h th ere is some scatter to the points . .~r i T  I basically does depend on the single

parameter q ( a )  The dashed line shows the exp erimental  result from TFR

Another interest ing result from the TER experiment  is that the position of the q — I sur-

face, as defined h> the radial position of the node in the saw tooth oscillations in the soft -in

8
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sig nal , ~ts~ depends onl y on the  s in g l e  ;‘.~r ‘mcie r  q I .. ) In F ig 4 the dash dot line shows that

the predicted val u e t o t  the q — I s u t t . t c ~~. as defined liv the ra di al  position where the q ther-

mostat func t i o n  drops t o  h i l t  i t s  n t a s i m u n i  va lue . also depend s t irincip all~ on th i s  single param-

eter

In I ig ( a t  and h i  arc  prcdk lions  t t h e  ‘de I i ,  electron t cmp cr a turc  compared to cx-

perirn ent . hi r  th ree  dis~. h.i r~ t’s hjs  ing I — 14( 1K \ . and K — 2 ” , 4t ) and ~U Kg Not ice tha t  the

co de does g i v e  good .t~ r cc ’n ’c n~ c v  t i e n t  as r cg.i rds t empe ra tu r e  proh le In Fig ~s are

plott ed th e  radi , i l  depen den ce ~ 1 , I . q. t o t  the run  w i t h  13 — SI ) Kg. I — 140 K A

Oth er q u a n t i t i e s  i f l i c r e s i  . i c  th e  k , , . i i ?  the  f luc tua t ion  and predicted va l ues  of e ~ I , as

a func t ion  ot radius I hcse arc  s t i , , w f l  in F i g  (or a disch arge w i t h  Ot) K~~. 3(X) K A  The fluc-

t ua t ion  l e ve l  scent s to he c i i n tp a r a N c  ( u s  t h a t  re c ent ly  report ed e ~ I , i 3 - 4 )  • 10

In . , , L J : I i ~ ’n t i  ~. si , u l.i~~n~ he t c n t p e r . u t u re p r o t t ) e  lo t  I I K . num erous  ca lcu lations were

- ,1on~ h i  \ k .i~ -
~ t’~ - r  , i~ ’ . the  i l io s t  s t r i k i n g  e x p e n i m c n t . u l r e su l t  f u r  \ l ca t o r  is the increase

of e n e r gy  ~ ‘n t in emc nt  n~~ i~~t 1 d e n s i t - . ‘ 
~~u r  t h e o r y  d, ’cs p r ed i c t  i b i s  ba sic  dependence In

F i g  ~ is sh own  t h c  , a l c i ~L u t c , ~ dependen ce i ii cncr g> conf in ement  t ime  on cent ra l  dens i t y  for

t h r e e  ~~i , c s  ~t t ,~~~ u n i t  c u r r e n t . 14 — “ u i  ~. ( p . I — 100 ~~~~~~ H — “ S  k ( i . I — 100 )~~ and B

— ‘
~~ K ( i . I — 1 ~~ k ~ In all . iscs . / . — I and we used a h> dr og en plasma N~~t i c ~ tha t  for

~c’n t r a l  c l cns i t  ics less i t i . in  .ub .  - ,, I I I  ~m ~, the on t in c t i i c n t  t ime  increases r ou ghi >  lm near l >

w i t h  dens i t y  I r larger  n , ihc i i ~n f i n c n i e n t  t ime  begins ti u  decrease again

When the den si ty  is s u f f i c i e n t l y  hig h however , the  plasma is in the Pfir sch Schlute r re-

gime,  and there is no trapp ed par t ic le  i n s t ab i l i t y  Then the energy confinement t ime begins to

decrease w i t h  d e n s i t y  I or  u (  t h r ee  choices of current  and field the p oints wi th  n 0 — x 1014

were comple t e l> ‘table Not only are there no trapped particle instabili ties in the region of

9
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maximum gradient , q was ev e rywhere  larger than one so that  are no MII I )  modes in the  center

e i ther  Apparentl y the largest con f inement  t ime occurs just on the t rans i t ion f r o m  anomalous

to classical ther mal conduction The hig h est electron temperature however are in the regime u s ?

anomalous thermal  conduction and low conf inement  t ime In Fig 9a and h arc p lotted the

radial dependence of 1 and 1, for d i f ferent  densities for th ~ cas e H — ‘
~~ ~ (‘ , I — 1(K) ~ -\

Notice that at low density ,  where the the rmal  conduction is anomalous , th e t e m p er a t u r e  p rud i les  —

are quite peaked At hig her dens it y , wh ere the  thermal  conducti on is c la s s i ca l , th e t e m p e r a t u r e

profiles a re quite broa d

To s u m m a r i z e ,  ou r  ca l c u l a t i o n s  of t okam ak t emp era tu re  profiles d~ give  q u a l i t a t i v e  and

even some quant i ta t iv e  agreement w i t h  measured tokama k  t emp era tu re  profiles 1 he t h e o r y  i s

simple in tha t  nonl inear  theory of the instabi l i t y  ne v er enters in H ow ev er  ther e arc no simpl e

scaling laws  w h i c h  ex pla in  I o k a n i . ik  behav io r ,, instead the t emp era tu re  pro f il es resul t  u i n t y  f rom

a numer ica l  solution of the electr on and ion cner g> equations w i t h  the ap propr i a t e  anomalous

electron the rma l  c o n d u c t i v i t y

N ow we consider a d i f ferent  p lasma confi gura t ion , a c r O s s  field col lisionless r c s i st i sc -

choc k h ere , as w e w i l l  see , marginal st ab i l i t )  appears to be a viable concept , h ut t w u i  t ransport

processes , el ectr on and ion l~c . i t  n~t pla~ impor tan t  ru ‘k’ s In ~i sh ock , fl uid i s n v  cc l i on  (tha t  is

the ~ th term in th ~ m o m e n t u m  equa t ion )  tends t o  steepe n the  dens i t y  profile Since the

magnetic ’ field is frozen in to  th e  flow it ,u l s i ’  steepens and the c u r r e n t  thereb y increase s h o w ’

ever  at some point , the cu r ren t  becomes so great tha t  ion aco ,~ s t i c  waves are d r iven  unstable

These waves then grow . ih c anomalous r e s i s t i v i t y  increase s , and the  shot k pro fi le wi l l  then

tend to broaden The shoc k pro file wi l l  then be determined by thc condition tha t  ion acoustic

waves are everywh ere marginal l y st able, that is~

c d13 T , 1, ‘ ‘~~
-- — - I~ 1 + 12

4 wne  dx 2’1 T r

10



~ -

% kt  Sit Milk 5~~ii( M RI tSi K t 4l~~i~

M 1 41 1
~ 1 *—  cxii 1+  4 I 2 ’j ~” ( I S )

From the Rankine- H u g in ist relations , the magnetic field. dersit y and temp erature arc known

T .
arc all know n upstream and downstr eani  Thus , once we know ,

~ 

. the ion to electron tem •

pc r ature r a t io , we can e s t ima te  d15 u~ u p s lr e a m l .B  I d o w n s t r e a m ) I / L , and the reb) estimatedv

the shoc k wid th  I

The problem now is i~ c s t - n r . i i c  t h e  ion  to e le ct ron  t empera tu re  rat io  l o r  an ion acoustic

wa v e at m a r g i n a l  v i a b i l i t y  - th i s  ca n be done hi ~on tpa r in g  the he a t ing  rates of ions and elec-

t rons Say tha t  the ion w a v e  t r a n s t e r s  m~ m c n t u m  fr om ions to e lc u. ir or .’. at a rate P Then it

can be show n . ? t s ’n i resonant  ujc ~as i - l i n ear h e i r ’s , th a i  in th e  re f erence  f rame in wh ich  the ions

ar c at res t . cn erg ~ u s . u r st  e : c  ~l I t .  it dc Irons  1,, uuu f l s  j t  a r a t e  ~~ k I P . w here lw  I, i is the

p hasc c L u s s i t s  ‘I the  -n ~~~~~~~~ w a v e  It  the  e l ec t ron  d r i f t  v e l oc i t y  is denoted u . then

m o m e n t u m  and en e r g i  n o v e r  u n ( 4~s a l  - os  i i  r et cc ir ons  and ions read

n n iu  P l a t  ( I f s )

(‘a 1
I — ‘-  P — nI  ( h I

k 2
I ror it I qv i I tu .i .ir~t h i  i t  is .u s: r i ’ r L  l i t e r  t i n  so lv e ? i i r  t 51C r a t io  i n ?  h ea t ing rates ,

— ~ui — w  I. 
( I 1

1’ i~. , k i

II both electr ons and  ions  i r e  subv t . , n i . i l i ’. heated hi the  shoc k , the te mp erature ratio should be

rou g h l y  equ a l  i i ’  th c r u :  ,~ b e a t i n g  r .i~ c’s n i

u~
,
is~k 

:~
I
2 ( I .  (

~ 
•t: I I I I .  

~ I es r i .  1~ 
(
~ 

+ ( l  ~ I 2  

~J
Fq uation I I~~i is a i r a n c e n i e n t a l  equ a t ion  for I or a hsdrogen plasma . we find —

T
T hen  k n o w i n g  . I q t I ~~ g i v e s  .u simpl e e st imat e  for shock wid th  I or

11
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and a Mach two shock , this gives the result 1, — lOc w~~ which is consistent with the transverse

shock exp eriments done at Culham laborator) ‘
~~ From thi s estimate of shoc k width , on e can

caku lat e a res i stivi t )  and from th e r c s i s t u v u t y , a fluctuation level This works out In be about

—~~~I O ‘ (~ 0I
I C

l e t  us re -empha size that  at no point in This  calculation was an est imate  of f rom nonlinear

the ory ever required

Ac tua Il ~ , tine c a f l  do much be t t e r  than  e s i in l a te  these quan t i t i e s  In Ref I , fluid equa~

lions  for n , I . I and B , coupled to  w a v e  equations for I fs  (or fsl) ion a co us t ic  f luc tua t ions  I at

di f feren t  w a v e  vec t or l arc numer i ca l l y  in t eg ra ted  fron t  ups t ream t~ downst ream The waves  are

assumed to grow or damp at th e  I n s  ,il l inear  g rowth  nt dampin g  rate , a nd qu a si~tin ear  theor y is

used t in  c al cu lat e  !Cs i s t i ’. i ty as w e l t  as e l ec t r on  and i n n  hea t ing  ra te  It  wa s found tha t  th e shoc k

profile did in fact remain  at a mar g ina l l y  stab le c u r r e n t  (or near l y  th c en t i r e  shock profile

Results  of such a ca lcula t ion arc shown in F ig 10 wh e i c  spatial pr ofiles of n , B . L. 1, and

are show n To s u m m a r i z e ,  the s t r u c t u r e  of t ransverse  r c s i s t i v :  s h i ’ k s in h )drogen

seems t i n he consi stent w i t h  ion acoustic waves  being at m a r g i n a l  s t a b d i t i  e v e r y w h e r e  in the

profile }‘ st imat cs and calculati on s i n ?  shoc k w idth and flu~iu a t i on  lcv el  are in good q u a n t i t a t i v e

agreement wi th  exp er im ent s

~ s a final example, we conside r the a bsorption of laser lig ht in a lase r produced plasma

This is discussed much more fu l l s  in Ref 9 and the description here wi l l  be v er y  brief The

idca is t o  use a numerical solution of the  fluid and wave  equations wi th  anomalous transp ort

Th ere irr two  in c ta hi l i t ie n u whic h provide th is  anomalous t r ansp or t  First , there is Br il lnuin

I 2
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backscatt er . where in the laser lig ht  d e 5 ay s  in to  a reflect ed w a v e  and an ion acoustic wa v e ,  and

second, there is an ion acoustic in v t ab i l i i ~ generated by the return current

For Br il lnuin hacks~atier , i t  the g r o w t h  rate in homogeneous media is 
~~~~ 

th en the spatial

amp lif icati on in inhomogcn cous b r  e i the r  an undampe d . ’ ’ or s tr on gl)  damped s ion acoustic

wav e, is

vr~,
~~~~

where L~ , is th e size the r e g i o n  n t phase coheren ce be tween  incident , reflected , and ion

acousti~ wave  I his a m p l t t i c a t i u u n  t w O s  ~~Ut to be s’n large tha t  .ini Ihctir~ based upon it will

g i v e  ne a r l y  to t a l  backsc , i t lc r  in v i i t ~s . i l I i  a n y  c i r c  um s t an c c  However  when  examin ing  the ampli-

tude nt  th e ion .ic n ni.O ,~~~ w a v e  g cn cr a i e d  i n f l ç  sees t h a t  i i  is  v e r y  large,  so large that  any ion

t rap p ing should be er ’ s  r r r r . n r  .i ni an d l inear  t h e o r y  i n ?  the i n s t a b i l i t y  m v  al id Thus  a descrip-

t io n iii ih e  process has t n  be h.tscd sin a n n n n h n e a r  de scr i p t ion n i t  th ~ ins t ab i l i t y  l ar l i er  theor y

•“~ has s h o w n  t h a t  t r a p p i n g  5 ri’ r n ’ r . inr one w a y  the  i n s i a h i l i t ’ s  can be modeled is by reduc-

ing th e g r owl 5 ’  ra te  -s hi . I i ,  ~~~ h c : w ~~~fl abou t  f i v e  and t~ n V,e h~ v c adopted such an ap-

proach to model the  effe c t n t  B r i l l o u i n  h . n . k s c , i t t ~~t Thus  we need not onls a nonlinear theor y

of the flu ctu ation amp l i t ude . bu~ ~lsu n a n onlin ear redu ction in the reflection due to stimulated

kri l lc iui n h ac knucat t e r

Th e second i n s t a b i l i t y  w h i ~~h we - r ’ s i dc r  is th e  ion acousti c ins tab i l i t y  dr iven by a re turn

cu r r en t  If e l e c t rons  condu ct  heat hu t  c a n s n u n  cu r r en t , a f lux of energetic particles in one

direction is balanced hi a f lu x  n i  low y e l u t u t ’ s  particles going the other way This re tu rn current

can dr ive  ion acoustic w a v e s  unstabl e  There are three principle effects of this  instabil i ty,  first

the clccttn n thermal  c o n d u c t i v i t y  is reduced , second , ther e is an electron ion energy exchange.

and third , there is anomalous a h s , n i t ’ i i i n n  n u t  lase r light resulting from the scattering of laser light
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on the ion densit) fluctuations A linear and quasi~li near theory of this instability has been

published rccentI y,~’ and a self consistent steady state t reatment  of the coupling of anomalous

absorption and flux l imitation has also been presented Here , a fluctuation level is required .

but then wi th  this fluctuation level , the transport coefficients are related b) Quasi .linear theory

The approach in Ref 9 is to nu m er ic a l l )  solve the fluid equations where anomalous tran-

sport and backseatter results from these two  ins tabi l i t ies  Wc have simulated three typ es of Nd

lase r pulses Firs t single short ( 0 p 5Cc I pulses on a target w h i c h  has an in i t i a l  densit) gradient

scale length of I°M This s imulates man s of the short pulse exp eriments . espectal!) on slab tar

gets We find tha t  the absorption is p r i n c i p a l l y  res onant absorption , h ut it gets a strong boost

from re tu rn  c u r r e n t  dr iv  en t u r b u l e n c e  I torn i r radi ances  of I I I ’’ 
~~~

‘ c n t  to 3 () ‘
~ ~~~

‘ cm the

a bsorpt i on us about 4tP ’ . w i t h  abo u t 2 S ‘- t csona n i  absorp t ion (also shown in F i g  I I  is hack

si,’at tC and specular r efle ct ion vs  ,rra dia nc ’e This  is in reasona b le agre ement  w i t h  data taken

from mans laboratories In f i g  11 arc shown expansion v e l oc i t y ,  el ectron temp erature  and f lux

l imi t , Q n m\  
~~~
. as a f unc t i o n  of mrr a d ian c e  ‘The points are measured electron temp era tures

from the N R L  exp er imen t

A second simulation is of a double structured pulse Recent exp eriments at N R L  have

show n that if th e main laser pulse i l luminates  a prepul se formed pla sma , ver y  strong backscatter

r esults ~‘ We model this  hi assuming a l0O~~n, scale length for n ~ In , , and a 30M scale

length for N >N , and i l lumina te  w i t h  a single ‘0p see pulse Shown in F i g  13 is absorption .

back icatter . resonant absorpti on and specular Ceflc ct ion as a funct ion  of irradianc e Also show n

are exp erimental  measurements of backseatter as a function of irr adiance Clearly there is good

qualitative agreement betwen theory and exp eriment  here

Finally we have simulated long pulse experiments also h ere we assum e a gradien t scale

length of l OOM and take a pulse which rises up to a final stead y irrad,ence and then remains

14
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const ant In F igs 14 and I S  are shown plots ot absorption , back scatter and specular reflection

versus  i rr a dian c e.  and th en plots of e lec t r on  temp er ature,  expansion vekii m t > and flux limit

versus  irr adm an ce 1 hc points on the  figures are exper imenta l  measures of absorption ~
‘ ~~ for

long pulse exp eriments  l i i  su m m a r i z e ,  th e  f luid s imula t ion  wi th  anomalous transport seems to

provid e qua l i t a t ive  and even lair  quan t i t a t ive  agreement wi th  experiments on laser produced
plasmas for a v a r i e t y  of lasc r pulse shape s and over  n e ar t ~ f ive  orders i i ?  magnitude in irradi-

ance

Now w h a t  about our in i t i a l  quest ion concerning whe the r  simple scaling laws can be

der ived  from f i r s t  principles ’ The ent ire  th rus t  sit th i s  pape r is that the y reall y cannot hlowes-

t his does not mean t hj t  ri , progr ess t a n  be made. on th e  con lra r)  it seems that one can go

far w i t h  fluid s imu l a t i ons  w i t h  the  in st . ib i ! t s  en t e r ing  v ia  anomalous  trans p ort  In some cJs~s .

all that is needed for gound mod el ing is th e  l inear  stabil i t y threshold In other cases nonlinear
t h e o r y  and/or re la t i on  be tween  d i f l c r e n t  t r . ins p or t  coeffici ents is needed How ev er in all cases.

the scal ing ~usrncs ? r , n n l  a n u m e r i c a l  so lu t i on  of the f luid  equat ions , not from a simple scaling

law
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